BACKGROUND:
We determined whether maternal nutrient restriction (MNR) in guinea pigs leading to fetal growth restriction (FGR) impacts markers for tissue hypoxia, implicating a mechanistic role for chronic hypoxia. METHODS: Guinea pigs were fed ad libitum (Control) or 70% of the control diet before pregnancy, switching to 90% at mid-pregnancy (MNR). Near term, hypoxyprobe-1 (HP-1), a marker of tissue hypoxia, was injected into pregnant sows. Fetuses were then necropsied and liver, kidney, and placental tissues were processed for erythropoietin (EPO), EPO-receptor (EPOR), and vascular endothelial growth factor (VEGF) protein levels, and for HP-1 immunoreactivity (IR). RESULTS: FGR-MNR fetuses were 36% smaller with asymmetrical growth restriction compared to controls. EPO and VEGF protein levels were increased in the female FGR-MNR fetuses, providing support for hypoxic stimulus and linkage to increased erythropoiesis, but not in the male FGR-MNR fetuses, possibly reflecting a weaker link between oxygenation and erythropoiesis. HP-1 IR was increased in the liver and kidneys of both male and female FGR-MNR fetuses as an index of local tissue hypoxia, but with no changes in the placenta. CONCLUSION: Chronic hypoxia is likely to be an important signaling mechanism for the decreased fetal growth seen with maternal undernutrition and appears to be postplacental in nature.
F
etal growth is dependent on placental development and maternal nutrition, which impacts substrate availability, with placental insufficiency and maternal undernutrition being primary causes of fetal growth restriction (FGR) (1, 2) . Clinical studies of placental insufficiency-related FGR demonstrate aberrant placental vascularization and decreases in umbilical blood flow (3, 4) , leading to chronic fetal hypoxemia as a primary signaling mechanism for growth restriction in these pregnancies (5, 6) . This has led to animal models of placental insufficiency induced by restricting placental blood flow and leading to FGR with variable hypoxemia and nutrient restriction (7, 8) . Clinical studies in populations subjected to food restriction (9) and in mothers deemed underweight (10, 11) support the notion that maternal undernutrition is also causative for FGR dependent upon severity and timing before conception and through pregnancy. This has led to animal models of maternal nutrient restriction (MNR) with induced FGR that show aberrant placental development with reduced surface area for nutrient exchange, increased barrier thickness, and altered vascularization (12, 13) . These structural alterations are also seen in human FGR (14) and have been associated with reduced transport for glucose, amino acids, and lipids as nutritional cues for related FGR (13, 15) . However, whether fetal oxygenation is also decreased as a signaling mechanism for growth restriction with these MNR-related placental alterations has yet to be determined.
Guinea pigs deliver precocial young after a relatively long pregnancy, with many developmental events occurring during fetal life similar to those in humans (16) . Moderate MNR in guinea pigs at 70% of an ad libitum diet from 4 weeks before conception until mid-pregnancy increasing to 90% thereafter has therefore been studied for modeling human FGR (12, 17, 18) . In these studies fetal weights have been shown to be decreased by as much as 40% near term with asymmetric growth restriction, polycythemia, and hypoglycemia (12, 17, 18) , which are also well associated with FGR in humans (2, 5) . These findings along with the structural changes and altered vascular development in the placentas of these animals (12, 13) are suggestive of the occurrence of chronic hypoxemia, although more compelling evidence is lacking.
In the present study, we have determined whether moderate MNR in guinea pigs as a causative factor for FGR also impacts markers for tissue hypoxia to test the hypothesis that these markers will be increased, further implicating chronic hypoxia as a primary signaling mechanism here. Protein levels for erythropoietin (EPO) and its receptor (EPOR) have been assessed, since these are upregulated to promote erythropoiesis in response to systemic hypoxia, and for VEGF, since this is upregulated to promote angiogenesis in response to local tissue hypoxia (19) . Immunoreactivity for Hypoxyprobe-1 (HP-1) has additionally been assessed as a widely used marker of tissue hypoxia (20) (21) (22) .
RESULTS

Fetal Population Characteristics
While 12 guinea pig sows were bred under ad libitum feeding conditions and 18 under MNR feeding conditions, 3 animals from each of these groups failed to become pregnant, and 3 MNR animals delivered preterm. The remaining 9 control and 12 MNR animals had pregnancies continuing to necropsy at 60/61 days of gestation with 31 and 42 fetuses, respectively, whose growth characteristics have been reported previously (18) . As noted, we used 80 g as our threshold for categorizing appropriate for gestational age (AGA) and FGR fetal weights, resulting in 20 AGA-Control fetuses (10 males and 10 females) and 25 FGR-MNR fetuses (11 males and 14 females), with the growth characteristics from these animals also previously reported (18) . The 16 AGA-Control fetuses and 16 FGR-MNR fetuses presently studied were representative of the mean fetal weights from these select cohort groups, with their population characteristics shown in Table 1 . Changes in these population characteristics between FGR-MNR fetuses and AGA-Control fetuses were similar for both males and females, with no sexrelated differences noted. Briefly, FGR-MNR fetal weights were decreased by~36% compared to those of the AGA-Control fetuses. FGR-MNR brain weights were decreased, but less so, by~12%, while FGR-MNR liver weights were markedly decreased by~40%. Accordingly, the brain/liver weight ratio as a measure of asymmetrical growth was increased by~50% in the FGR-MNR fetuses compared to those in the AGA-Control fetuses. Placental weights were decreased in the FGR-MNR fetuses by~24%, but less so than the fetal weights, with the placental/fetal weight ratios thus increased by~20%.
Fetal EPO, EPOR, and VEGF Protein Levels EPO showed both group and sex-related differences, whereby levels in the FGR-MNR females were increased in the liver bỹ 1.9-fold, in the kidney by~2.5-fold, and in the placenta bỹ 1.7-fold when compared to that of the AGA-Control females ( Figure 1) . However, there were no significant changes in EPO levels between FGR-MNR males and AGA-Control males for any of the tissues studied ( Figure 1) . EPOR was not significantly changed by either group or sex for any of the tissues studied, although levels in the liver were increased in the FGR-MNR females by~1.6-fold, while the levels decreased in the FGR-MNR males by~50% from respective AGA-Control levels ( Figure 2) . VEGF also showed both group and sex-related differences, whereby levels in the FGR-MNR females were increased in the liver by approximately twofold, while the levels in the FGR-MNR males were increased in the placenta by approximately twofold from respective AGA-Control levels, but with no other significant changes ( Figure 3 ).
Hypoxyprobe-1 Immunoreactivity
Representative images for HP-1 IR are shown in Figure 4 and illustrate the presence of positive staining in both the FGR- Articles | Elias et al.
MNR and AGA-Control animals for each of the liver, kidney, and placenta, indicating some level of local tissue hypoxia even under normal physiologic conditions in the fetus. Tissue levels of HP-1 shown in Figure 5 were similar for the male and female AGA-Control fetuses in respective tissues and tissue regions, while changes in these levels in the FGR-MNR fetuses were similar for both males and females, with no sexrelated differences noted. In the liver, HP-1 staining was widely seen within the hepatocytes, but tissue levels of HP-1 as an index of local tissue hypoxia were increased in the FGR-MNR fetuses by approximately fourfold compared to that in AGA-Control fetuses. In the kidney, HP-1 was widely seen within the cortex, but much more in the proximal convoluted tubules than in the glomeruli by~80 fold on average for the AGA-Controls (Po0.01 analyzed using paired t-test).
Tissue levels of HP-1 were increased in the FGR-MNR fetuses by~15-fold in the glomeruli and by~4-fold in the proximal convoluted tubules compared to respective AGA-Control fetuses. In the placenta, image analysis was confined to the lobulated labyrinthine region since this is the largest structural region near term and is where nutrient and gas exchange primarily occurs (23) . HP-1 was again widely seen, but more so peripherally than centrally within the labyrinthine lobules by approximately fivefold on average for the AGA-Controls (Po0.05 analyzed using paired t-test). However, in contrast to the liver and kidney there was no increase in tissue levels of HP-1 in the placentas of the FGR-MNR fetuses as studied.
DISCUSSION
As we (18) and others (12) have reported, moderate MNR in guinea pigs results in a decrease in fetal weights by 30 to 40% on average for all MNR pregnancies necropsied near term. We set a threshold of ≥ 80 g or o80 g for categorizing AGAControl and FGR-MNR fetal cohorts, respectively, which was close to the 10th percentile for the population weight distribution of the Control fetuses (18) . This then better reflects the human situation where AGA and small-forgestational-age (SGA) birth weight distributions are separate and often delineated by the 10th percentile adjusted for gestational age (2, 6) . While it is recognized that some SGA infants will be constitutionally small rather than growth restricted, this classification is widely used for denoting increased risk for FGR and adverse outcomes.
EPO binds to its cognate receptor on erythroid progenitor cells, stimulating their survival and differentiation, with the rate of red blood cell production thereby determined by blood/tissue EPO levels (19, 24) . EPO synthesis is inversely related to oxygen availability in tissues, with the main determinant being the transcriptional activity of its gene by hypoxia-inducible factor 1 (HIF-1) (19, 24) . During fetal development, EPO synthesis gradually changes from hepatocytes stimulating erythropoiesis in the liver to renal EPOproducing cells in the cortex and outer medulla stimulating erythropoiesis in the bone marrow, with the timing for this transition being species dependent (25) (26) (27) . However, secretion of small amounts of EPO has also been identified in other fetal tissues, and for the placenta this can become substantial in response to fetal hypoxemia (25, 26) . In the present study, the FGR-MNR female fetuses exhibited increased EPO levels in the liver, kidney, and placenta in keeping with a degree of local hypoxia in these tissues and supporting our conjecture of relative fetal hypoxemia in FGR-MNR fetuses. However, EPO levels in the male FGR-MNR fetuses were little changed, although both males and females showed similar increases in their hemoglobin values (18) . Mechanisms underlying these differences are not readily apparent, and Clemons et al. (28) found no sexual dimorphism in the EPO response of fetal and neonatal rats to induced hypoxia. However, there are known to be sex-related differences in responses to hypoxia, with females showing better adaptation than males, including the ventilatory and erythropoietic system responses that are tightly linked in females but not in males (29) . EPOR is a cell surface transmembrane protein to which EPO must bind in order to achieve signal transduction in both erythroid and non-erythroid tissues (19, 30, 31) . As such, EPOR is found in both the liver and the bone marrow during fetal development in relation to the ontogeny for erythropoiesis (31, 32) . However, EPO has also been reported to have nonhematologic functions, including the promotion of angiogenesis and cellular proliferation/differentiation, as well as cytoprotection with hypoxic conditions (26, 30) . Accordingly, EPOR has been found in other fetal tissues, including the kidney and the placenta (26, 32) . While the signaling for EPOR expression in tissues may variably involve HIF-1, nitric oxide, or even EPO itself, a primary stimulus for all of these will still be tissue hypoxia (19, 30) . Similar to the EPO findings, EPOR levels were increased in female FGR-MNR liver tissues, although this was not statistically significant, consistent with some degree of local hypoxic stimulus and the adaptive need for increased erythropoiesis. However, there was no change in EPOR levels in the kidney or placenta in the female FGR-MNR fetuses despite the noted increase in EPO levels seen here, suggesting that nonhematologic EPO-EPOR responses do not occur with chronic hypoxemia, at least for the kidney and the placenta.
VEGF includes a family of glycoprotein hormones, with VEGF-A being the most abundant, which play a prominent role as regulators of vascular development and have been reported in several fetal tissues including the liver, kidney, and placenta (33, 34) . Although the expression of VEGF is influenced by several factors, a major stimulus for the upregulation of VEGF is local tissue hypoxia mediated by HIF-1 (19, 33) . Similar to the EPO and EPOR findings, VEGF protein was increased in female FGR-MNR liver tissues, which is again consistent with some degree of local hypoxic stimulus. However, VEGF levels in the kidney and placenta of the female FGR-MNR fetuses remained unchanged, suggesting that the increased liver values might somehow relate to increased erythropoiesis here, rather than to an angiogenic stimulus. It is thus of note that in mice erythropoiesis in the fetal liver is impaired when hypoxic induction of VEGF is lacking, indicating a role for VEGF in erythropoiesis in the fetal liver (34) . The unchanged VEGF levels in the liver and Data presented as mean staining intensity ± SEM; ***Po0.001. AGA, appropriate for gestational age; FGR, fetal growth restriction; G, group; MNR, maternal nutrient restriction; NS, not significant; S, sex..
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kidney of the male FGR-MNR fetuses likewise support a VEGF-erythropoiesis linkage rather than an angiogenic linkage. Here, the absence of change in the liver might be due to an earlier transition in erythropoeisis from the liver to the bone marrow in FGR males that might also explain the lower EPOR levels seen here. In the present study, HP-1 staining was similarly seen in the male and female AGA-Control animals for each of the liver, kidney and placenta, indicating some level of local tissue hypoxia even under normal physiologic conditions in the fetus, which was also noted by Oh et al. (21) in near-term fetal guinea pigs. HP-1 staining in the liver was widely seen within the hepatocytes, while in the kidney this was considerably less in the glomeruli than in the surrounding proximal convoluted tubule area. This is consistent with renal blood flow initially to the glomeruli, and thereby better oxygenation, prior to passing through the surrounding cortical tissue as reported for the adult kidney (27) . HP-1 was substantially increased in the liver and kidney cortical tissues of both male and female FGR-MNR fetuses, indicating lower levels of oxygenation in these tissues relative to those of the respective AGA-Control fetuses. HP-1 staining in the placenta was also widely seen, but more so peripherally and less so centrally within the labyrinthine lobules. This is consistent with the countercurrent blood flow described for the guinea pig placenta whereby maternal blood flows from arterial channels at the center of the lobule to venous channels in the interlobium, while fetal blood flows from fetal arteries in the interlobium to fetal veins at the center of the lobule, with the center lobule tissue thereby better oxygenated (23) . Despite the substantial increases in HP-1 staining in the liver and kidney of FGR-MNR fetuses, there was no evident change in the placental tissues of these animals. Since uteroplacental blood flow supplies oxygen to the placenta before it does to the fetus, placental tissue will normally be better oxygenated than fetal tissue (3). This may be further exaggerated under hypoxic conditions by nitric-oxide-mediated vasodilation within the placenta`s central region as a mechanism to maintain oxygen homeostasis, albeit at the expense of fetal oxygenation (35) . Of note, the extent of pimonidazole binding in hypoxic tissue will depend on tissue levels as well as the rate of bioreductive activation, and we therefore cannot exclude the possibility that group differences in placental transport of pimonidazole have impacted the HP-1 findings. However, any impact on placental transport is likely minimal since there were no differences in placental HP-1 IR between the two groups and this should not negate the conclusions drawn for the liver and kidney given the substantial changes in HP-1 IR seen here between the two groups.
Moderate MNR in guinea pigs beginning before pregnancy and continuing through pregnancy results in fetuses that have asymmetrical growth restriction and increased placental-fetal weight ratios as is often seen in human infants with growth restriction (2, 6, 9, 17, 18) . These FGR-MNR fetuses are also leaner, hypoglycemic, and polycythemic, which are again well associated with moderate growth restriction during human pregnancy (4, 5, 17, 18, 36, 37) . These findings, along with the altered vascular development and structural changes reported in the placenta of guinea pigs subjected to moderate MNR, raise the likelihood of chronic hypoxemia as seen in human FGR pregnancies with suspected placental insufficiency (5, 6, 12, 36) . The present findings of increased EPO and VEGF protein levels in the female FGR-MNR fetuses provide support for some degree of hypoxic stimulus in these fetal tissues and linkage to an adaptive need for increased erythropoiesis. The increased HP-1 staining in the liver and kidneys of the female FGR-MNR animals as an index of local tissue hypoxia provides further support for this conjecture. However, EPO and VEGF protein levels in the male FGR-MNR fetuses were not similarly increased, indicating sex-related differences in this response. This cannot be attributed to less hypoxic stimulus since HP-1 tissue staining was similarly increased from control levels in both male and female FGR-MNR fetuses and growth and metabolite characteristics did not differ (18) . More likely is the better adaptation to hypoxia in females than in males, including the tighter link between oxygenation and increased erythropoiesis as previously noted (29) . The present findings thereby provide further support for chronic hypoxia as a primary signaling mechanism for the decreased fetal growth with moderate MNR in guinea pig pregnancies. This may be a consequence of the altered vascularization and structural changes in the placentas of these animals (12,13) and decreased placental blood flow as seen in rodent pregnancies with dietary restriction (38) . However, the fetal hypoxia here appears to be largely postplacental in nature and likely also involves active enhancement of placental oxygenation at the expense of the fetus as noted (35) . Importantly, chronic hypoxia is also likely to be a signaling mechanism for the programming of longer-term adverse outcomes in pregnancies with maternal undernutrition leading to FGR, which has added importance given the extensive use of MNR for the study of fetal programming (1, 12, 13, 17, 18) and the role of maternal undernutrition as a primary causative factor for human FGR (2,10,11).
METHODS
Animal Cohorts and Tissue Collection
An established model of moderate MNR in guinea pigs (12, 17) was used, with all experimental procedures approved by The University of Western Ontario Animal Use Subcommittee. Animal feeding, breeding, and pregnancy outcomes have previously been reported (18) . Briefly, guinea pig sows were assigned to either a Control group fed ad libitum or an MNR group fed 70% of the average food intake per kg of body weight of the control animals from 4 weeks before conception until mid-pregnancy, increasing to 90% thereafter. On day 60-61 of pregnancy (term =~68 days), the hypoxia marker pimonidazole hydrochloride (Hypoxyprobe-1, 60 mg/kg, Chemicon, Temecula, CA) was injected intraperitoneally into Control and MNR sows and allowed to circulate for 120 min. Animals were then sedated, followed by laparotomy and delivery of each of the fetuses. Body and placental weights were obtained from all fetuses, along with crown rump length measurements. Fetuses were considered to be AGA if they weighed ≥ 80 g and FGR if o80 g, which is in accordance with the weight criteria we (39) and others (40) have used for categorizing AGA and FGR fetal weights in guinea pigs near term. Subsequently, only AGA fetuses from Control group litters and FGR fetuses from MNR group litters were subjected to full necropsy, which consisted of dissection and weighing of the brain, heart, and liver, extraction of the gonads for determining fetal sex, and extraction of the kidneys, skeletal muscle, and peri-renal adipose tissue. These organs/tissues along with the placenta were similarly partitioned in all animals and both frozen in liquid nitrogen and fixed in 4% paraformaldehyde for later analysis. Liver (right lobe), kidney, and placental tissues were assessed for hypoxia markers. Tissue for protein analysis was stored at − 80°C until protein quantification, and tissue for histology was kept in 4% paraformaldehyde for 72 h, then washed in phosphate-buffered saline daily for 3 days and placed in 70% ethanol for 7-14 days, prior to tissue processing and embedding in paraffin. Tissue sections were subsequently cut at 5 μm thickness on a rotary microtome and mounted on Superfrost Plus slides (VWR Scientific, West Chester, PA).
Sixteen AGA-Control fetuses (8 male and 8 female) and 16 FGR-MNR fetuses (8 male and 8 female) were selected for hypoxic tissue analysis. These animals were selected on the basis of no more than one male and one female from each litter; when two or more fetuses of the same sex met the weight criteria for study from the same litter, selection was made from the most medial position in the uterine horn.
Protein Extraction and Western Blot Analysis
Approximately 30-50 mg of liver, kidney, or placental tissue was homogenized with 10 μl of RIPA buffer per mg of kidney and placental tissue and 15 μl of RIPA buffer per mg of liver tissue in the presence of a protease inhibitor (Roche, Mississauga, ON, Canada). Homogenates were sonicated and then centrifuged at 15,000g for 10 min at 4 ºC, with 300 μl of the supernatant extracted and retained as the total protein fraction. Equal amounts of tissue extracts were normalized by colorimetric BCA Protein Assay (Pierce, Madison, WI). Samples were stored at − 20°C until protein analysis.
The extracted protein samples were used to prepare loading samples for gel electrophoresis at a voltage of 180 V in gradient NuPAGE 4-12% Bis-Tris polyacrylamide gels (Invitrogen Life Technologies, Burlington, ON, Canada) for 1 h. Male AGA-Control and FGR-MNR samples were loaded and run together on one gel, while female AGA-Control and FGR-MNR samples were run together on a separate gel. This was followed by gel transfer onto a polyvinyliden difluoride membrane (Millipore, Etobicoe, ON, Canada) at a voltage of 100 V for 2 h. Following transfer, the membranes were thoroughly washed and then blocked for 2 h with 5% albumin in Tris-buffered saline containing 0.1% Tween. Membranes were then incubated overnight at 4°C using primary antibodies specific for the protein targets, EPO (1:500, NBP1-84836, Novus Biologicals, Oakville ON, Canada), EPOR (1:500, H-194, sc-5624, Santa Cruz Biotechnology, Dallas, TX), and VEGF-A (1:500 for liver and kidney; 1:300 for placenta, A-20, sc-152, Santa Cruz Biotechnology), diluted in 5% non-fat milk 1 × Tris-buffered salineTween 20 buffer. The following day, membranes were washed with phosphate-buffered saline and then probed for 1 h at room temperature with Horseradish peroxidase-conjugated donkey antirabbit IgG (1:10,000, Jackson ImmunoResearch Laboratories, West Grove, PA), diluted in 5% milk. Immunoreactive bands were visualized using a Luminata Forte Western HRP enhanced chemiluminesence detection system (Thermo Scientific, Nepean, ON, Canada) and VersaDoc Imaging System (BioRad Laboratories, Mississauga, ON, Canada). Densitometry analysis of protein bands was performed using ImageLab with signal saturation software (BioRad Laboratories) normalized to β-actin as a loading control. EPO, EPOR, and VEGF protein levels normalized to the protein levels of β-actin are presented as the mean change for FGR-MNR males from those of AGA-Control males and for FGR-MNR females from those of AGA-Control females.
Hypoxyprobe-1 Immunohistochemistry
Hypoxyprobe-1, a pimonidazole hydrochloride, is reduced by nitroreductases in relatively hypoxic cells (pO 2 o10 mm Hg) to form covalent protein adducts that can then be detected immunohistochemically using the Hypoxyprobe-1 kit (20) (21) (22) . HP-1 IR was assessed by avidin-biotin-peroxidase immunohistochemistry (Vectastain Elite Kit; Vector Laboratories, Burlingame, CA). All slides were stained the same day using the same solutions to minimize variation in the intensity of the stain. Negative controls included substitution of the primary antiserum with nonimmune serum to rule out nonspecific binding, and confirmed absence of staining. All incubations were performed in a covered humidity chamber. Rinses between steps were performed in phosphate-buffered saline, and antibodies were diluted in Universal Antibody Diluent (Dako Canada, Burlington, ON, Canada).
Tissue sections were deparaffinized in xylene and rehydrated through graded ethanol baths. The slides were subjected to antigen target retrieval in 10 mM sodium citrate at pH 6.0 for 20 min in a 90°C vegetable steamer. Endogenous peroxidase was quenched in 1% hydrogen peroxide for 10 min. Endogenous biotin was then blocked as directed using an avidin-biotin blocking kit (Vector Laboratories), and nonspecific antibody binding was blocked for 5 min using Background SNIPER (Biocare Medical, Concord, CA).
The slides were incubated overnight with rabbit polyclonal hypoxyprobe-1 (Hypoxyprobe, Burlington, MA) at 4°C. They were then incubated for 40 min with biotinylated goat anti-rabbit IgG (Vector Laboratories), followed by 30 min with avidin-biotinperoxidase complex (Vector Laboratories), at room temperature. Bound antibody was developed with Cardassian 3,3-diaminobenzadine substrate (Biocare Medical) for 2 min, with slides then counterstained for 30 s in Harris' Hematoxylin (Fisher Scientific, Ottawa, ON, Canada) at room temperature. The slides were then dehydrated through graded ethanol baths, cleared in xylene, mounted with Permount (Fisher Scientific, Toronto, ON, Canada), and dried.
HP-1 IR was imaged in four randomly selected high-power fields (HPF, × 20 magnification) from comparable areas in the liver, renal cortex, and labyrinthine region of the placenta, which provided a stable running average for the tissue regions/sub-regions examined in each animal using a Zeiss Axiolmager Z1 microscope (Carl Zeiss Canada, Toronto, ON, Canada). Intensity of staining as a measure of tissue levels of pimonidazole (22) was determined using Image Pro Premier 7.0 software (Media Cybernetics, Rockville, MD). To ensure consistency and impartial evaluation, an automated macro incorporating a binary color intensity cutoff threshold was set up for each of the tissues examined based on advanced testing of a random sample of images, including screening against negative controls, to select and count only cell bodies deemed to be positively stained. While a different threshold and automation macro was thereby established for each of the three tissues, once set, the same macro was used for each image of that tissue. The scoring of images for a given tissue was completed within the same day and all analyses were performed with the investigator blinded to the animal cohort grouping. Intensity of staining was expressed as the mean intensity in arbitrary units for the 4 HPFs for each of the three tissues examined for each of the AGAControl and FGR-MNR fetuses.
Data Acquisition and Statistical Analysis
Fetal population characteristics, hypoxia-related protein levels, and HP-1 IR for the AGA-Control fetuses and FGR-MNR fetuses are presented as group means ± SEM. Group findings were compared using analysis of variance to determine the effects of MNR and sex, except for the AGA-Control within-animal comparisons of kidney and placental sub-regional HP-1 IR, for which paired Student's t-test was used. Where interactions between MNR and sex were present or tending with Po0.10, post hoc tests were carried out to determine the effect of MNR in males and females separately (Graphpad Software, San Diego, CA). For all analyses, statistical significance was assumed at Po0.05.
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